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Abstract. The Brout Englert Higgs (BEH) mechanism of electroweak symmetry breaking
and mass generation was experimentally confirmed after the discovery of the Higgs boson at
the Large Hadron Collider in 2012. The BEH mechanism not only predicts the existence of a
massive scalar particle, but also requires this scalar particle to couple to itself. Double Higgs
production provides a unique handle, since it allows the extraction of the trilinear Higgs self-
coupling. VBF di-Higgs production also probes the quartic Higgs bosons to vector bosons
coupling (c2v). In this topic the effort on setting constraints on cov will be discussed. Event
selection and reconstruction will be illustrated as well as a Neural Network designed to identify
VBF events.

1. Introduction

The Higgs boson was discovered by the ATLAS and CMS collaborations in 2012 at the Large
Hadron Collider [1] [2] . While the Brout-Englert-Higgs(BEH) mechanism predicts the existence
of a massive scalar particle, the measurement of the Higgs boson trilinear self-coupling is a crucial
validation of the BEH mechanism [3][4] [5][6]. In the Standard Model (SM) pairs of Higgs bosons
are mainly produced via gluon-gluon fusion processes via a loop of top quarks and the Higgs
self-interaction [7].

In the SM the BEH self coupling A is uniquely determined by the structure of the scalar
potential and is proportional to the product of the heavy-quark Yukawa coupling and the Higgs-
boson self-coupling. However the existence of destructive interference between the box and the
triangle diagram means di-Higgs production cross section has a small rate of g sm = 33fb
at /s = 13TeV, about 1000 times smaller than single Higgs production [8]. In addition to
constraining A, in the vector-boson fusion (VBF) channel double Higgs production also probes
the strength of the Higgs non-linear interactions with vector bosons at high energies and will
allow us to set limits on Higgs quartic coupling cov [9]. Moreover, a variety of new physics
models predict enhancements to this cross-section [10][11][12]. An example with a new heavy
resonance is depicted in Fig.1.

Modifications of the Higgs top-quark Yukawa coupling or modifications of the Higgs self-
coupling, or presence of new diagrams with new couplings could enhance the non-resonant
di-Higgs production cross section [13] (see Fig.2). The SM HH production is not expected to
be observed with the data so far collected by the ATLAS experiment. Beyond Standard Model
(BSM) effects could enhance this rate [14]. Therefore, a search for Higgs pair production with
current data is a probe of new physics.
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Figure 1. Theories beyond the SM (BSM) predict heavy resonances that could decay into
a pair of the SM Higgs bosons, such as a heavy spin-0 scalar X in two-Higgs-doublet models
(2HDM).The presence of such resonances would also enhance the di-Higgs production cross

section.
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Figure 2. Leading-order Feynman diagrams for the gluon gluon fusion (ggF) non-resonant
production of Higgs boson pairs: the ”"triangle diagram” and the "box diagram”. The Higgs
boson trilinear self-coupling is denoted Aggmg. The Yukawa coupling of the Higgs to the top-
quark is denoted by vy
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Figure 3. Depiction of the final state of HH— > bbrT

The channel we are going to explore is the final state of bbr ™77, see for example Fig.3. This
state is the most sensitive channel with 36fb~! data [15]. It represents a relatively clean final
state compared to the channels with larger branching fractions (bbbb and bbW+W = ) due to a
better separation from the multijet and 77 backgrounds [16][17]. The bbr "7~ channel has the
third largest branching fraction (7.4%) of the experimentally feasible channels [18]. In the final
state one of the two 7-leptons of the pair is required to decay hadronically, while the other decays
either hadronically (7hqqThad) Or leptonically (7jepTheq). While the relatively small background
and high branching ratio is an advantage of both decay channels, the lephad has a higher trigger
efficiency (due to the lepton) while the hadhad higher purity (much less 77 background). In
this paper we will focus on the hadhad channel.

2. What can we access with HH

The main categories we are going to focus are gluon gluon fusion (ggf), see Fig.2 and
Vector Boson Fusion (VBF), see Fig.4. The SM predicts non-resonant H H production, with
approximately 90% of the total cross-section being due to the ggf process [19].

This channel has been extensively studied in the literature and several final states have been
considered, including bby~y, bbr 7=, bbW W~ and bbbb (for a list of feasibility studies, see for
example [20][21][22] [23][24][25]

Working in the infinite top mass approximation, the gluon-fusion di-Higgs production cross
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Figure 4. Possible BSM enhancements due to modified coupling strength of cov

section was calculated at NLO in [26] and NNLO in [27]. The resummation of soft-gluon
emissions was performed at NNLL [28][29]. Recent studies indicate that Higgs pair production in
gluon-fusion at the HL-LHC will allow the extraction of the Higgs self-coupling A with accuracy.

Higgs pairs can also be produced in the VBF channel [9][30][31][32][33] where a soft emission
of two vector bosons from the incoming protons is followed by the hard V'V — > hh scattering,
with V = W, Z. In the SM, the VBF inclusive cross section at 14 TeV is around 2 fb~! which
is more than one order of magnitude smaller than in gluon fusion [9)].

Despite its small rate, Higgs pair production via VBF is quite interesting since even small
modifications of the SM couplings can induce a striking increase of the cross section as a function
of the di-Higgs mass [34].

In the following equation, the parameterization of the effective non-flavor-violating Higgs
Lagrangian, in the case the couplings of the Higgs boson to the SM fermions scale with their
masses, is given. There is also another parameter, ¢3, which is not shown:

1 2 ’1)2 _|_ h h2

1
- h

_mzszz(l + Cw; + )sz + h.c.,

Assuming that the couplings of the Higgs boson to SM fermions scale with their masses and
do not violate flavor, the resulting effective Lagrangian can be parametrized as in equation 1,
where V(h) denotes the Higgs potential. The parameters cv,cov and ¢ in 1, are in general
arbitrary coefficients, normalised so that they equal 1 in the SM. The cv, cov and €3, which
is not shown here, control the strength of the hVV, hhVV and hhh couplings, respectively.
A precision model-independent determination of cov would provide stringent constraints on a
number of BSM scenarios. For generic values of cv and cov , the amplitude of the partonic
scattering VV— > hh grows with the energy /s until the contribution from the new states at
the cut off scale A unitarizes it. The leading contribution in the energy range my << /s << A
comes from the scattering of longitudinal vector bosons and is given by:

A(VLVE— > hh) ~ 5/v*(cav — ¢*v)

If the Higgs boson belongs to an electroweak doublet, as suggested by the LHC data, and the
modifications to its couplings are small, then the values of cav and c?v are in general predicted
to be correlated [35][36] because there is a single dimension-6 effective operator (OH in the basis
of [36])which controls the shift in both couplings. Therefore, a high-precision measurement of
cov can test whether the Higgs boson belongs to a doublet in case a deviation is observed in cv
[35].

The main analyses channels are bbyy, bbrT7~, and bbbb where tha last channel full takes
advantage of the high bb branching ratio [15][17][37]. Then bbyy has excellent trigger and mass
resolution for photons. However bbrT7~ final state is chosen in our case for the following
reasons: first, taus are relatively clean, with small background; then, the branching ratio is
relatively high and the b-jet tagging is very efficient thanks to the precise reconstruction of
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Figure 5. Event selection and backgrounds of 73,47hqq final state
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Figure 6. Gaining sensitivity to cov is achieved by reconstructing events with large values of
MHH

primary and secondary vertices; finally, despite the fact that tau lepton reconstruction might
be quite challenging, efficient algorithms have been developed. This enhanced sensitivity to the
underlying strength of the Higgs interactions makes double Higgs production via VBF a key
process to test the nature of the electroweak symmetry breaking dynamics and to constrain the
hhV'V quartic coupling. In this work, we revisit the feasibility of VBF Higgs pair production at
the LHC and focus on the HH— > bbr 7~ final state.

2.1. VBF jet Event Selection.

The analysis looks for jets with pr > 20GeV and |n| < 2.5 which are consistent with the
same primary vertex and specifically looks for two tau-jets with the invariance mass of the di-r
system to be > 60GeV and at least one b-jet with pr > 45GeV. The tau-jets are jets with
1 or 3 tracks which are relatively isolated from activity around them, as expected by the fact
that taus decay weakly, and b) two b-jets with energies > 160GeV, b-jets are jets which are
"b-tagged’ because they contain tracks with a significant impact parameter with respect to the
beam line, a requirement exploiting the long lifetime of b-quarks. In the VBF analyses we look
for two additional jets consistent with the ’forward-backward” VBF topology (see Fig.4). These
VBEF jets are selected as follows:

e Baseline: Require 2 VBF jets in the event
e Take all forward jets (|n| > 2.5) with pp > 30GeV.
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e Take central jets only (|n| < 2.5, ppr > 20GeV) if they are non-btagged
e Find jet pairing with highest m;; pair and in opposite hemispheres, ( Plxni?2 <0)
e Order VBF jets by pr

The event selection for the 7j,4q7heq final state is shown in Fig.5, together with the event
yields expected from the various sources for an integrated luminosity of 139fb~! collected by
ATLAS at /s = 13TeV. The way the di-Higgs mass (my ) distribution changes as the the cov
value changes from it SM value (cav = 1) is shown in Fig.6.

Table 1.
Events Total  VBF Selection

VBF c2v=0 6.77 4.54
VBF c2v=1 0.167 0.119
VBF c2v=2 4.63 3.125
ggf 5.40 1.57
Comb.bkg  3256.9

3. Neural Network Design, Hyperparameter Optimization and Results

3.1. The Neural Network design and Input Variables

After comparison of various classification strategies, a Feed Forward Neural Network [38] was
chosen in order to classify events in the VBF bbr7 topology. The even-numbered events in the
Monte Carlo simulation samples are used to train the Network, which is built with the following
characteristics:

e Classification Strategy

— 3-class classification
— VBF (coy =0, coy = 0.5, coy = 1.5, coy = 2 - normalized) / ggF / Background
— Training with even events

e MultiLayer Perceptron

— Input Layer : 9 Neurons (relu)

— Hidden Layers : 10 % 35 Neurons (relu)

— Output Layer : 3 Neuron (softmax)

— Loss Function : Categorical Crossentropy

— L2 Regularization for each hidden layer : 3 x 10~®
— Loss Optimizer : ADAM

— Batch size : 16

— Epochs : 78

3.2. Input variables
e mpyy : Di-Higgs invariant mass

e AR, : The AR between the visible-r decay products
o ARy, : The AR between the two b-jets
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Figure 7. Anj;, AR, Mmme, ARr7, prSizObj of VBF jets input variables of the NN

m2"¢ . The invariant mass of the di-7 system, calculated using the MMC momenta of 2
taus [39]

mypp © The invariant mass of the di-b-jet system

p¥ : Di-jet (VBF) transverse momentum

m;; : The invariant mass of the di-jet(VBF') system

Anjj : The An between the two VBF jets

n;1 * 12 : Product of n for two VBF jets

Aphij; : The Aphi between the two VBF jets

p7 : The transverse momentum of the two taus

plj’? : The transverse momentum of the two bs

prSizObj : The transverse momentum of the H H+2-VBF jets

Some of these input variables are shown In Fig7, for background events, ggF' HH events, as
well as VBF HH events for various combinations of coupling values.

3.8.

For
[40]

HyperParameter Optimisation
the Hyperparameter Optimisation we used a Tree Parzen Estimator with Bayesian approach

. The Evaluations of a function are used to predict the next set of good hyperparameters

The strategy is summarized in Table.2 and it allows a better overall performance and less time
required for optimisation than random search. The Hyperparameters to optimise were:

Neurons/layer : 20 — 40
Layers : 6 — 20

R2 value: 10 —4 %1077
Batch size: 4 — 24

Different sets were used to perform 50 hyperparameter tests. The optimization variable was
the signal for 5 background events.



HEP-2022 IOP Publishing
Journal of Physics: Conference Series 2375(2022) 012009  doi:10.1088/1742-6596/2375/1/012009

Table 2. Hyperparameter Optimisation

Hyperparameter Optimisation strategy Implementation
Number of hidden layers Bayesian optimization TPE
Number of nodes in each layer Bayesian optimization TPE
Activation function Typical suggestion for FF NN ReLU
Output activation function Typical suggestion for multiclassification NN Softmax
Loss function Typical suggestion for multiclassification NN Cat. CrossEntropy
Loss minimizer Dynamic adjustment of per-parameter learning rate ADAM
Regularisation method L2 typically works better than L1/Dropout L2
Regularisation value Bayesian optimization + fine tuning by hand TPE
Batch size Bayesian optimization TPE
Epochs of training Best validation loss EarlyStopping
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Figure 8. Comparison of various cov values of the VBF like ouput, compared with ggf and
Combined Background

3.4. Results

The output of the NN described in this section is shown in Fig.8 for Background, ggFF HH and
VBF HH events, for various values of the cov coupling. The number of signal VBF HH, ggF HH
and background event expected are shown in Table.1. Imposing a requirement on the minimum
NN-output value, changes the remaining event yields and the signal significance is estimated as
a function of the minimum NN-output value requirement (see Fig.10). The signal significance
is calculated by [41] :

Sig = /2((s + b)In(1 + s/b) — s)

where s is the signal event yield and b is the sum of the ggF HH and background yields.
Overtraining tests were performed. The two Neural Networks were trained with the optimal
Hyperparameters, one trained with the even and the other with the Odd events. Comparison
of events is depicted in 10. In order to check that no overtraining is done with this network,
two Neural Networks were trained with the optimal Hyperparameters; one trained with the
even-numbered and the other with the odd-numbered events and the responses on the even and
the odd sample of events were compared (see Fig. 10). Since no overtraining was observed, the
results are presented. In order to perform the fit, which will be performed later in our analyses,
a the transform tool (https://gitlab.cern.ch/CxAODFramework/TransformTool) will be used.
The histograms will be re-binned using an automatic re-binning of the input histograms, which
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merges the histogram bins from right to left until some ”pass” criteria are satisfied. In the
ThadThad Channel of the di-Higgs analysis the histograms are built with 1000 bins. The two
chosen functions that will be used are giving better results for the fit performing better not
only because they are allowing zero events in the last bin (which is not acceptable as it would
cause fit instabilities and would not allow the usage of the asymptotic formula for the limit
calculation) so they have been modified adding the requirement of the minimum 5 background
events in bin.The fit function chosen as the rebinning function for this channel gives the optimal
compromise between good sensitivity and number of bins and events per bin for fit stability. In
the case of 5 background events, the NN-output cut which maximizes the signal significance is
shown in Table.3, together with the expected signal yield and significance. The expected signal
significance is improved considerably, compared to our standard analyses.

Table 3. Significance meausurements

c¢2v  Significance Cut value for 5 bkg events Signal events passing cut Bkg events passing cut

0 1.082 0.78 2.820 £ 0.022 5.06 £0.784
0.5 0.343 0.78 0.842 £ 0.008 5.06 £0.784
1 0.019 0.78 0.045 £ 0.004 5.06 £0.784
1.5 0.190 0.78 0.0460 £+ 0.003 5.06 £0.784
2 0.814 0.78 2.076 £0.017 5.06 £0.784

4. Concusion

This contribution presented studies about accessing the SM Higgs couplings and BSM physics
with di-higgs (HH) VBF events in the bbr7 final state. A Feed Forward NN design was
chosen to separate the VBF HH signal from ggF HH and background events. A set of good
Hyperparameters were found for the NN architecture and additional tests were performed to
check if there is overtraining. The signal significance was studied for various cav coupling values,
with cov=1 being the SM value. Since the NN demonstrated a significant improvement in the
signal significance, this NN is implemented in our Analysis framework
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Figure 10. Overtraining tests of the NN. Training was performed with different sets of Even
and Odd events
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